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014.02.0Abstract By using instrumental micro-indentation technique, the microhardness and Young’s
modulus of SiC particles reinforced aluminum matrix composites were investigated with micro-
compression-tester (MCT). The micro-indentation experiments were performed with different max-
imum loads, and with three loading speeds of 2.231, 4.462 and 19.368 mN/s respectively. During the
investigation, matrix, particle and interface were tested by micro-indentation experiments. The
results exhibit that the variations of Young’s modulus and microhardness at particle, matrix and
interface were highly dependent on the loading conditions (maximum load and loading speed)
and the locations of indentation. Micro-indentation hardness experiments of matrix show the
indentation size effects, i.e. the indentation hardness decreased with the indentation depth increas-
ing. During the analysis, the effect of loading conditions on Young’s modulus and microhardness
were explained. Besides, the elastic–plastic properties of matrix were analyzed. The validity of cal-
culated results was identiﬁed by ﬁnite element simulation. And the simulation results had been pre-
liminarily analyzed from statistical aspect.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
The micro-mechanical properties of materials have been a pop-
ular and interesting subject nowadays, since the material
exhibits different properties from micro scale to macro scale,
such as scale effect. Through indentation experiment, it is very88474117.
(F. Li).
orial Committee of CJA.
g by Elsevier
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10effective to explore the mechanical properties in micro scale.1
Discontinuous particles reinforced metal matrix composites
(MMCs) have generated much interest recently due to their
promising mechanical properties.2–9 The mechanical properties
of MMCs generally depend on the microstructures of the
materials, such as particle size effect.10,11 The optimization of
the mechanical properties of composites is based on the knowl-
edge of the relationship between the microstructure and the
macroscopic response of MMCs. Up to now, though a consid-
erable volume of literature regarding the microstructure and
macroscopic mechanical behavior exists12–15; their micro-
mechanical behavior between particles and matrix has not
been examined in detail. From the design perspective as well
as structure aspect, it is imperative to develop a detailedSAA & BUAA. Open access under CC BY-NC-ND license.
398 Z. Yuan et al.understanding of the micro mechanical and elastic–plastic
properties of MMCs.
One of the widely used techniques for the evaluation of the
elastic and plastic properties at both microscopic and
macroscopic level is the depth-sensing instrumented
indentation.16–20 It has long been recognized that instrumented
indentation is a powerful technique for studying resistance of
materials against deformation. For this reason, indentation
has been widely used as an indirect method to characterize
many fundamental mechanical properties of materials includ-
ing Young’s modulus and hardness based on the experimen-
tally determined load-unload curves (P–h).1,21–26 The ﬁrst
studies in this ﬁeld can be traced back to the works of Ternovki
et al. followed by the contributions of Nix et al.27,28 also Oliver
and Pharr23, Lu and Suresh.29 Nowadays, this subject has been
widely studied from theoretical and experimental investiga-
tions. For MMCs, scientists have been making preliminary
exploration for both indentation experiments and simula-
tions.30–36 In this paper, a study of instrumented micro-
indentation for the characterization of MMCs is reported.
The aim of the study is to explore the properties of MMC
and to provide a thorough analysis of the deformation during
loading/unloading under different conditions.
2. Experiments and theory
2.1. Experimental methods
The specimens investigated (aluminum alloy reinforced by
15% SiC particles) were made by a powder metallurgy route.
The raw aluminum was prepared by atomized powder, and
then mixed with SiC particle. After hot extrusion (extrusion ra-
tio is 9.8 to 1, at extrusion temperature 773 K), the SiCp/Al
composite was obtained. Before testing, the specimens have
been annealed at 673 K for 2 h. The content of matrix is shown
in Table 1. In this composite, the particle size distributed with-
in the range of 1–12 lm, and the major size is 3–8 lm; the par-
ticle aspect ratio lies around 1–2 after statistic analysis by the
maximum/minimum axis ratio. The metallographic structure
of the study material is shown in Fig. 1. In this ﬁgure, theTable 1 Chemical composition of matrix in SiC particle
reinforced Al matrix composites.
Element Cu Mg Mn Fe Si Zn Ti Al
wt.% 4.10 0.64 0.54 0.37 0.34 0.10 0.02 Bal.
Fig. 1 SEM metallographic structure of MMC.particles (embossed) distributed scatteredly in matrix while
assembling in some place and a few of black holes are the posi-
tions where particles dropped out during preparing specimens.
Instrumented micro-indentation mechanical properties
have been measured by using a Shimadzu micro-compres-
sion-tester type W501 (MCT) equipped with a Berkovich dia-
mond indenter. And the morphologies of composite were
examined by a TESCAN VEGAII-LMH scanning electron
microscope (SEM). During the tests, specimens for indentation
investigation were performed at different loads (10–25 mN,
and 80–400 mN), different micro structures (particle, matrix
and interface), and different loading speeds (2.231, 4.462 and
19.368 mN/s). Furthermore, the matrix in MMC has been
much more focused in this study to explore the detail micro-
mechanical behavior. The indentation load–displacement data
obtained during one cycle of loading and unloading was re-
corded simultaneously. And the micro mechanical properties
corresponding to the measuring point were then analyzed from
the load–displacement curve.
2.2. Theory
In the indentation ﬁeld, Oliver and Pharr22,23 have shown their
methods based on the Berkovich indenters. The law relating
the applied load, P, to the penetration depth, h, follows Kick’s
law:
P ¼ Ch2 ð1Þ
where C is loading curvature which depends on elastic and
plastic material properties, as well as indenter geometry. Sim-
ilarly, the unloading curve follows a simple power-law relation
determined by a least square ﬁtting procedure:
P ¼ B ðh hfÞm ð2Þ
where B and m are ﬁtting parameters and hf is the residual
depth after complete unloading. The elastic contact stiffness,
S, is given by the ﬁrst derivative at the peak load of unloading
curve:
S ¼ dP
dh

h¼hm
ð3Þ
where hm is maximum penetration depth. The depth, along
which contact is made between the indenter and the specimen,
can be estimated and given by
hc ¼ hm  cPm
S
ð4Þ
where Pm is the peak load at the onset of unloading, and c is a
tip-dependent geometry factor, which is equal to 0.72 for a
conical indenter, 0.75 for a Berkovich indenter and 1 for a ﬂat
cylindrical indenter.1,23,37,38 From the knowledge of hc and
taking into account the indenter shape, the developed contact
area, A, can be given by39
A ¼ 24:56h2c ð5Þ
Then the indentation modulus, E*, is expressed as23
E ¼
ﬃﬃﬃ
p
p
2b
 Sﬃﬃﬃﬃ
A
p ð6Þ
where b is a constant associated with the indenter shape. It has
been used to account for deviations in stiffness caused by the
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vich indenter, the value of b is between 1.034 and 1.09.1
The Young’s modulus E and hardness H of the specimen
can be expressed by
E ¼ ð1 m2Þ 1
E
 1 m
2
i
Ei
 1
ð7Þ
H ¼ Pm
A
ð8Þ
where m is the Poisson’s ratio of the specimen, and Ei and mi are
the Young’s modulus and the Poisson’s ratio of the indenter,
respectively. The properties of the indenter are: Young’s mod-
ulus Ei = 1147 GPa and Poisson’s ratio mi = 0.07. Combined
Eq. (6) with Eq. (7), the Young’s modulus of specimen can
be determined ﬁnally, and the hardness can be calculated from
Eq. (8).3. Results and discussion
3.1. Micro-mechanical properties of different micro structures in
MMC
Usually, the conventional Young’s modulus values for SiC
particles and Al alloy are 440 GPa and 70 GPa, respectively.
In terms of composites of SiC particles and Al alloy, the com-
posites Young’s modulus EC can be calculated according to the
rule of mixtures in the Halpin-Tsai equation10 with particle
Young’s modulus Ep, matrix Young’s modulus Em and particle
volume Vp,
EC ¼
Emð1þ 2sqVpÞ
1 qVp
ð9Þ
where
q ¼ ðEp=Em  1ÞðEp=EmÞ þ 2s
and s is the particle aspect ratio. Here, the particle aspect ratio
s is about 1–2; and particle Young’s modulus Ep = 440 GPa,
matrix Young’s modulus Em = 70 GPa and particle volume
Vp = 15%, so the Young’s modulus of this composite is
92.22–99.23 GPa according to the rule of mixtures.
Under one load condition, the experiments were executed
for several times (deviant indentation curves have been ex-
cluded), and the curves of the load versus the penetration
depth are displayed in Fig. 2 for different micro structures asFig. 2 Examples of P–h curves of different micro structures in
MMC at loading speed 2.231 mN/s.SiC particle, matrix, and interfaces. For particles, the penetra-
tion curves are shallow in contrast to deep penetrations to
those in the interfaces, and deeper for matrix. In regard to dif-
ferent micro structures of this composite, the indentation sizes
are dissimilar. And the variations of the shape of the curves
(especially for the indentation depth) illustrated the speciﬁc
mechanical behavior. Fig. 3(a) plots a detailed description of
P–h curves for particle. From this ﬁgure, it can be found that
before position ‘A’, the load curve is ﬂat, and then transits to
an abrupt curve after position ‘A’. For this phenomenon, it is
different from pure material, which is smooth transition like
standard curves (such as parabola). And this discrepancy
may be related to particle as a ‘second indenter’ to matrix dur-
ing indentation (see Fig. 3(b)). At the beginning of indentation
of particle, with the load increasing the particle moved down
with indenter, like an indenter to ‘push’ the interface (or ma-
trix), and thus the P–h curves mainly captured the indentation
property of interfaces or matrix. After ‘compaction’, the P–h
curves would mainly show the property of particle. In the case
of interfaces, the P–h curves sometimes are shown as a similar
pattern to particle (see Fig. 4(a)). Before position ‘B’, the P–h
curves mainly captured the indentation property of matrix.
Not until the indenter slides to neighboring particles, does
the curve become sharper after position ‘B’ (see Fig. 4(b)).
Fig. 5 shows the SEM metallographic structure of the
MMC after indentation experiments. In terms of matrix, the
indentation is similar to the normal material (see Fig. 5(a));Fig. 3 A detailed description for indentation experiments of the
case of particle.
Fig. 4 A detailed description for indentation experiments of the
case at interface.
Fig. 5 SEM metallographic structure of MMC (a) indentation
positions during micro-indentation experiments; (b) SiC particle
fracture after indentation experiments.
400 Z. Yuan et al.however, for particle, it shows difference, i.e., it may be related
to ‘second indenter’ to matrix or particle damage during inden-
tation. Fig. 5(b) displays typical cracking at the corner of par-
ticle, resulting from the large displacement of the indenter in
the particle. This may be due to stress concentration in particle
and will strongly inﬂuence the tested results which are different
from the normal pure particle indenter test.19
Using the methods related in Section 2, the microhardness
and Young’s modulus were calculated. For indentation exper-
imental results, the Young’s modulus and hardness of these
micro structures were different and distributed in a wide range.
For SiC particle and Al alloy matrix, the mean Young’s mod-
ulus values were 334.7 GPa (from 268.4 GPa to 435.8 GPa)
and 76.8 GPa (from 65.1 GPa to 96.2 GPa) respectively, at
the load of 20 mN. As far as particle is concerned, the mean
Young’s modulus values was less than the theoretical result
and the discrepancy was 25%. In terms of Al matrix, the mean
Young’s modulus values were slightly greater than theoretical
value. According to the mixture rule, the experimental results
of matrix were less than the results of mixture rule. Similar
to Ref.,35 this effect may be due to the addition of particles.
The comparison of the instrumented Young’s modulus values
and conventional Young’s modulus value show a signiﬁcant
discrepancy. It is material and load dependent. The difference
between the theoretical and experiment results of Young’s
modulus is due to the rule of mixtures. In comparison with
Young’s modulus, the mean microhardness of SiC particles
and Al alloy matrix is 32.56 GPa (from 21.2 GPa to
49.3 GPa) and 1.58 GPa (from 1.28 GPa to 1.78 GPa) at the
load of 20 mN.
The experimental and theoretical studies reveal that the
failure of the MMCs usually occurs at the interface between
the particle and the matrix.40–42 Therefore, it is imperative to
investigate the mechanical behavior of interface. The results
of interfaces are that the mean Young’s modulus values are
73.13 GPa in range from 53.27 GPa to 90.23 GPa at the load
20 mN. In contrast with the Young’s modulus value of the ma-
trix, it is slightly lower than that at the matrix. And this may be
due to the combination of interface ‘looser’ rather than struc-
ture of matrix. Furthermore, the average microhardness at
interface is 3.13 GPa in range from 1.68 GPa to 5.27 GPa. It
is harder than matrix since that more dislocations are concen-
trated around SiC particles because of the mismatch between
particle and matrix. And, the extra dislocations add resistance
to deformation during indentation.
3.2. Effect of loading speed on the Young’s modulus and
microhardness of matrix
Usually, it is empirically veriﬁed that a straightforward way of
determining whether the load-depth curves obtained on the
material are satisfactory or not is to compare different curves
under the same experimental conditions. Therefore, the in-
dents are performed at another loading speed again (shown
in Fig. 6). Accordingly, the results of Young’s modulus and
microhardness are plotted in Figs. 7 and 8. These results indi-
cate that the Young’s modulus increase with the increasing
loading speed; however, the relevance between microhardness
and loading speed is inconspicuous. Also, the results reveal
that the Young’s modulus and microhardness decrease with
the increasing load. This may be related to the matrix damage
and microhardness size effect and need further investigation.
Fig. 6 P–h curves of matrix at different loading speeds.
Fig. 7 Inﬂuence of indenter load and loading speed on the
Young’s modulus of matrix.
Fig. 8 Inﬂuence of indenter load and loading speed on the
microhardness of matrix.
Fig. 9 P–h curves of matrix obtained in the indenter load
ranging from 80 to 400 mN at the loading speed of 19.368 mN/s.
Mechanical properties study of particles reinforced aluminum matrix composites by micro-indentation experiments 4013.3. Effect of load on the Young’s modulus and microhardness of
matrix
In order to investigate the effect of load on the mechanical
property of matrix of the MMC, additional experiments at
loading speed 19.368 mN/s have been carried out, and the
load-unload curves (P–h) are plotted in Fig. 9. Fig. 10(a) plots
the Young’s modulus versus load. It can be found that the
Young’s modulus decreases with load increasing. And the
microhardness shows the similar tendency as Young’s modulus(see Fig. 10(b)). The decreasing effect of Young’s modulus
with load increasing may be related to the material damage43
and it will be investigated in future study.
And for the phenomenon of microhardness decreasing with
load (indentation depth), it is associated with size effect during
indentation experiment in micro scale.28 The relation between
square of the microhardness and h1, by combining the results
of low load as shown in Fig. 6, is plotted in Fig. 11. It suggests
that the square of the microhardness plotted against the reci-
procal of the indentation depth is a linear relation, which indi-
cates a considerable indentation size effect.
According to Nix and Gao28, the relation between the
microhardness (H) and the indentation depth (h) is given by
H
H0
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ h

h
r
ð10Þ
In this equation H0 is the hardness that would arise from
the statistically stored dislocations and h* is characteristic
length parameter, which can be written as
H0 ¼ 3
ﬃﬃﬃ
3
p
alb
ﬃﬃﬃﬃﬃ
qS
p ð11Þ
h ¼ 81
2
ba2 tan2 h
l
H0
 2
ð12Þ
where a is a empirical coefﬁcient, l the shear modulus, and b
the Burgers vector. From Fig. 11,H0 and h
* in the case of load-
ing speed being 19.368 mN/s can be calculated according to the
Fig. 10 Micro-mechanical properties of matrix in MMC from
80 mN to 400 mN at loading speed of 19.368 mN/s.
Fig. 11 Depth dependence of the hardness of matrix under
different loading conditions.
Fig. 12 Density of total dislocations and geometrically necessary
dislocations at different indenter depth.
402 Z. Yuan et al.model described in Ref.28 The value of H0 is 0.770 GPa, and
characteristic length parameter is h* = 1.196 lm when a is ta-
ken as 0.5; shear modulus l is 26.3 GPa, and Burgers vector b
is 0.283 nm for Aluminum, tan h= 0.358.28
In Taylor relation, the deformation resistance and the hard-
ness can be estimated by28
s ¼ alb ﬃﬃﬃﬃﬃqTp ¼ alb ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃqG þ qSp ð13Þ
H ¼ 3
ﬃﬃﬃ
3
p
s ¼ 3
ﬃﬃﬃ
3
p
alb
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qG þ qS
p ð14Þwhere qT is the total dislocations density under indenter, and
qS the density of statistically stored dislocations, which is
associated with the homogeneous deformation of materials;
qG is the density of geometrically necessary dislocations, which
is related to plastic shear gradient to meet the geometric
matching of inhomogeneous deformation.11,28,44 By using
Eq. (11), the density of statistically stored dislocations of this
material is obtained as qS = 1.586 · 1015m2. Combining
Eq. (13) with Eq. (14), the density of total dislocations under
indenter, qT, and the density of geometrically necessary dislo-
cations qG are inferred respectively (shown in Fig. 12). From
this ﬁgure, the total dislocations and geometrically necessary
dislocations concurrently decrease with increasing indenter
displacement.
During indentation experiments, when the studied materi-
als undergo lower load, the permeated depth is shallower,
and qG has a greater proportion effect on material deforma-
tion, increasing the deformation resistance.28,45 With the load
increased, the density of statistically stored dislocations kept
the same magnitude. However, the average geometrically nec-
essary dislocations with increasing depth reduced to a larger
extent, because average geometrically necessary dislocations
decreased with h1.28 So, with the increase of depth, the hard-
ness of materials fails down and caused indentation size effect.
The proportion of geometrically necessary dislocation became
small which can even be neglected until the indentation depth
is large enough. So the indentation size effect vanished. The
hardness of material is mainly related to statistically stored dis-
locations in macro scale.3.4. Elastic–plastic properties of matrix in SiCp/Al
To solve the ‘‘reverse problem’’ of predicting the elastic–plastic
properties from the obtained indentation P–h curves, Dao
et al.21 has proposed a complete set of explicit analytical meth-
od. For soft specimens, the stress–strain relation is assumed to
be the following Hooker elastic and power-law plastic
formula:1,21,37,38
r ¼ Ee r 6 ry
Ren rP ry

ð15Þ
where R is a strength coefﬁcient, n the strain hardening
exponent, and ry initial yield stress. As is known, total strain
Fig. 14 Model of micro-indentation experiments.
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e= ey + ep, then Eq. (15) can be rewritten as
1,21
r ¼
Ee r 6 ry
ry 1þ Ery ep
 n
r > ry
8<
: ð16Þ
According to Dao et al.21, the dimensionless functions are
used to describe the constitutive behavior:
P1
E
rr
; n
 
¼ C
rr
ð17Þ
dP
dh

h¼hm
¼ EhP2 E

rr
; n
 
ð18Þ
Eq. (17) and Eq. (18) are associated with loading curve and
unloading curve, respectively, where C is loading curvature,
and dP
dh
jh¼hm ¼ S is unloading curvature at h= hm; rr is the rep-
resentative stress at ep = er for the description of loading cur-
vature. When er = 0.033, P1 is independent of hardening
exponent n and can be given by1,21
P1
E
r0:033
 
¼ C
E
¼ 1:131 ln E

r0:033
 3
þ 13:635 ln E

r0:033
 2
 30:594 ln E

r0:033
 
þ 29:267 ð19Þ
And P2 can be rewritten as
P2
E
rr
; n
 
¼ S
Ehm
¼ ð1:40557n3 þ 0:77526n2 þ 0:15830n
 0:06831Þ ln E

r0:033
  3
þ ð17:93006n3
 9:22091n2  2:37733n
þ 0:86295Þ ln E

r0:033
 2
þ ð79:99715n3
þ 40:55620n2 þ 9:00157n 2:54543Þ
 ln E

r0:033
 
þ ð122:65069n3
 63:88418n2  9:58936nþ 6:20045Þ ð20ÞFig. 13 Values of n and ry at different indenter loads.Combining Eq. (19) with Eq. (20), the strain hardening
exponent n and initial yield stress ry can be solved. The tested
curves in the case of loading speed 19.368 mN/s (shown in
Fig. 9) are applied to this method. And the obtained parame-
ters were that the strain hardening exponents are 0.384–0.399;
yield stress ranges from 80.70 MPa to 96.11 MPa, of matrix in
this MMC, as shown in Fig. 13. And the average values of
strain hardening exponent and initial yield stress are 0.389
and 85.66 MPa respectively at these loads.
3.5. Finite element analysis veriﬁcation
In order to verify the material property, ﬁnite element analysis
has been carried out. A two-dimensional axisymmetric ﬁnite
element model was constructed to simulate the indentation
process by using the general ﬁnite element package ABAQUS.
The indenter was assumed to be an equivalent cone, and the tip
apex angle h was chosen as 70.3 for Berkovich indenter.21,23
Fig. 14 is the designed model with size of 20 lm · 20 lm,
which contains 2500 elements using quadrilateral elements
(CAX4R). For the sake of simulation accuracy, a ﬁner squared
mesh was designed near the contact region and a gradually
coarser rectangular mesh was used further from the contact re-
gion. After ﬁnite element simulations, the examples of load–
displacement curves are presented in Fig. 15. From this ﬁgure,
the curves are in good agreement, respectively.Figure 15 Comparison of experimental and simulation results.
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predicted results, two parameters are deﬁned as the correlation
coefﬁcient R2 and the average absolute relative error
(AARE):37,38
R2 ¼
PN
i¼1ðPiexp  PexpÞðPip  PpÞ
	 
2
PN
i¼1ðPiexp  PexpÞ
PN
i¼1ðPip  PpÞ
ð21Þ
AARE ¼ 1
N
XN
i¼1
Piexp  Pip
Piexp

 100% ð22Þ
where Piexp is the experimental ﬁnding, and Pexp the average va-
lue of experimental results; correspondingly Pip is the predi-
cated value and Pp the average value of predicated results; N
is the total number of data employed in the investigation.
Through computation, the average R2 is found to be
98.02%, and average absolute relative error (AARE) is
9.45% which reﬂects the good prediction capabilities of the
proposed method.
3.6. Statistical analysis of simulation results
Fig. 16 plots the distribution of Mises stress and Equivalent
plastic strain (PEEQ) at the maximum load of 200 mN, respec-
tively. Under indenter, the shape of the isoline of stress distri-
bution with different values is similar, and PEEQ shows the
same characteristics. In the position of indenter tip, the stress
of matrix is comparatively larger with stress concentration,
as PEEQ concentration exists in the same zone. In order to
describe the stress and PEEQ statistically during indentation,Fig. 16 Distribution of von Mises stress and PEEQ under
indenter tip at the maximum load of 200 mN.the elements whose plastic strain greater than 0.05 are statisti-
cally analyzed as
Vep ¼
XN
k
Vk
rep ¼ 1Vep
XN
k
rkVk
 !
ep ¼ 1Vep
XN
k
epkVk
 !
epk > 0:05
8>>>>><
>>>>>>:
ð23ÞFig. 17 Statistical results of elements when plastic strain is
greater than 0.05.
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than 0.05, Vk represents the kth element and N indicates
number of total elements; rk and epk are the ﬂow stress and
plastic strain of kth element as required; rep and ep are the
average ﬂow stress and plastic strain of statistical analysis,
respectively.
After calculation, Fig. 17(a) depicts that at different depth,
the volume ratio of statistical volume of elements when plastic
strain is greater than 0.05 (loads) to the total volume of all
elements. There is no doubt that volume ratio increases with
the depth or loads, as the plastic deformation zone increases.
Fig. 17(b) plots the statistical result of Mises stress and plastic
strain of required elements. The statistical stress and plastic
strain increase along with the increasing depth, and both of
them have the same increasing trend. The average stress
and plastic strain are shown in Fig. 17(c). Along with the in-
crease of depth, the average plastic materials decrease approx-
imately, although this trend is not very clear, so was the
average stress. And the reason may be related to material
properties (elastic modulus, strain hardening exponent, yield
stress) and loading condition, and needs further quantitative
research.4. Conclusions
(1) For different micro structures, the load-unload (P–h)
curves show different characteristics from both the
shape and the indentation size. With regard to Young’s
modulus, the value of particle is lower than theoretical
result in contrast to that the matrix is greater than the-
oretical result of aluminum at the load of 20 mN. And
the result of interfaces is close to that at matrix. In terms
of microhardness, it decreases progressively from parti-
cles, interfaces to matrix.
(2) Under the same test conditions, the Young’s modulus
and microhardness decline with increasing loading
speed. With the load increasing, the hardness shows size
effect, i.e., the indentation hardness decreases with the
indentation depth increasing. By the way, the density
of total dislocations and geometrically necessary disloca-
tions during indentation is calculated according to Nix
and Gao.28
(3) Furthermore, the elastic–plastic properties of matrix are
explored through the method proposed by Dao. And the
results show that the strain hardening exponents are
0.384–0.399, and yield stress is from 80.70 MPa to
96.11 MPa. In order to verify the validation of the
results, a FEM simulation was carried out with different
loads. And P–h curves from FEM simulation are in
good agreement with experiments. Also, the simulation
results have been preliminarily analyzed from statistical
aspect. It can be found that with the increase of depths
(loads), the volume ratio, the total statistical stress and
plastic strain of zone with PEEQ greater than 0.05 also
increase. While after the average, the relationship
between average stress, plastic strain and loading depth
(load) is not very clear, which needs further quantitative
research.Acknowledgements
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